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a b s t r a c t

Light interaction with turbid biological materials involves absorption and scattering. Quantitative under-
standing of light transport process and features in the fruit is critical to designing better optical systems
for inspection of food quality. This paper reports on the quantification of light transport in the apple fruit
in the visible and short-wavelength near-infrared region using Monte Carlo simulations. The absorption
and reduced scattering coefficients (�a and �′

s, respectively) of 600 ‘Golden Delicious’ apples were deter-
mined over the spectral range of 500–1000 nm using a spatially resolved hyperspectral imaging method
coupled with a diffusion theory model. The �a and �′

s values were used in Monte Carlo (MC) models to
simulate light transport in the fruit tissue. MC simulation models were validated against the diffusion
theory model and experimental data. The patterns of diffuse reflectance, internal absorption, and light
penetration depth were determined using typical values of �a and �′

s for the apples. Simulation results
showed that up to 96.4% of the photons were absorbed under the maximum absorption condition, while
75.9% photons exited as diffuse reflectance for the maximum scattering case. The optimum sensing range

under our imaging system setup was found to be 1–11 mm for ‘Golden Delicious’ apples. Fruit tissue with
a larger �a value absorbed light energy rapidly in short depth and radial distances, whereas light in the
tissue with small �′

s values tended to propagate forward to the deeper area of the sample. Light penetra-
tion depths in ‘Golden Delicious’ apples, defined as the depths at which the incident light was reduced
by 99%, were in the range of 0.43–8.67 cm over the 500–1000 nm spectral range, with a majority of the
samples (approximately 68%) in the range of 0.81–4.48 cm. Pigments and water in the fruit tissue greatly

ion de
influenced light penetrat

. Introduction

Optical properties of biological materials are characterized by
bsorption coefficient (�a) and reduced scattering coefficient (�′

s).
ith the knowledge of absorption and reduced scattering coeffi-

ients, we can quantitatively analyze light transport features inside
ntact food items (e.g., penetration depth, diffuse reflectance, and
nternal absorption), which are often difficult to measure experi-

entally. This can help us design a more effective measurement
onfiguration (e.g., source intensity, detector position and sensing
rea) for different types of samples without extensive experimental
ests.
Despite the wide use of light-based techniques, methods for
easurement of the optical properties of food and agricultural

roducts are still not well developed, and relevant data are largely
bsent in the literature. Cubeddu et al. (2001) reported on using
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time-resolved spectroscopy for determining the optical properties
of fruits. Saeys et al. (2008) used single integrating sphere combined
with inverse adding-doubling method to measure the optical prop-
erties of apple skin and flesh in the wavelength range from 350 to
2200 nm. We recently developed a novel spatially resolved method
based on hyperspectral imaging for measuring the optical proper-
ties of liquid foods (e.g., milk and juice), and fruits and vegetables
(Qin and Lu, 2007, 2008). Compared to time-resolved technique, the
hyperspectral imaging technique is noncontact, faster and simpler
for measuring the optical properties, and it is especially suitable for
food and agricultural products.

Light transport in turbid media may be described by radiation
transfer theory. When scattering is dominant (�′

s � �a), the radi-
ation transfer theory may be approximated by diffusion theory
model. However, due to the complexity of the problem, one often
has to use numerical or statistical methods to solve the diffusion
theory model. Different methods are being used for modeling light

transport in a turbid medium, of which the Monte Carlo simulation
method is the most widely used. The Monte Carlo method creates
a stochastic numerical model in which the expected value of a cer-
tain random variable is equivalent to the value of a physical quantity
to be determined. This expected value is determined by averaging

http://www.sciencedirect.com/science/journal/01681699
http://www.elsevier.com/locate/compag
mailto:qinj@ufl.edu
dx.doi.org/10.1016/j.compag.2009.04.002
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umerous independent samples that represent the random vari-
ble in the model. Monte Carlo simulation offers a flexible and
ccurate approach for investigating and understanding light trans-
ort in turbid materials, and it is particularly useful for determining
he features of light transport that are difficult to measure, such as
ight penetration depth and the pathlength of photons that travel
n the tissue. In Monte Carlo light transport simulation, a photon is
njected into a turbid medium, and it then propagates through the

edium, which depends on the optical properties (i.e., �a and �′
s)

f the investigated material. The Monte Carlo method defines local
ules for photon propagation that are expressed as probability dis-
ributions for describing the step size of photon movement between
ites of photon–tissue interaction, and the angles of deflection in
photon’s trajectory when a scattering event occurs (Wang et al.,

995). Light transport is then simulated by tracking millions of pho-
ons, and multiple physical quantities, such as diffuse reflectance
nd internal photon absorption, are scored simultaneously. Forward
nd inverse Monte Carlo models have been used for simulating
ight distribution in tissues (Okada et al., 1997; Wang and Liang,
999; Tsai et al., 2001) and measuring tissue optical properties
Kienle et al., 1996; Simpson et al., 1998; Palmer and Ramanujam,
006) in various biological materials, respectively. Other numerical
pproaches such as finite element method based on the diffusion
pproximation model (Arridge et al., 1993; Deulin and L’Huillier,
006) have also been used to model light transport in turbid mate-
ials.

While considerable research has been reported on Monte Carlo
imulations for understanding and quantifying light transport in
iological materials, the application of this method for food and
gricultural products has been largely absent until very recently
Fraser et al., 2003). This is partly due to the lack of optical prop-
rty data for food products. This research was therefore aimed at
he development of Monte Carlo models to simulate and quantify
ight transport in apple fruit tissues using the optical property data
btained with a newly developed spatially resolved hyperspectral
maging technique, which measures diffuse reflectance at different
istances generated from a steady-state (or continuous-wave) light
ource for a specific spectral region. The specific objectives were to:

measure the absorption and scattering properties of apples using
a spatially resolved hyperspectral imaging technique (Qin and Lu,
2008);
develop and validate Monte Carlo simulation models for apples
using diffusion theory model and the optical property data;
determine major light transport features in apples including dif-
fuse reflectance, internal absorption, and penetration depth using
Monte Carlo simulations;
demonstrate the applications of simulated diffuse reflectance for
determining the optimum sensing range for apples in using a
hyperspectral imaging system.

. Materials and methods

.1. Apple samples

Six hundred ‘Golden Delicious’ apples were used in the optical
roperty measurement experiment. These apples were harvested
rom the orchards at Michigan State University (MSU) Clarksville
orticultural Experiment Station in Clarksville, Michigan, and the
SU Horticultural Teaching and Research Center in Holt, Michi-
an in 2006. The apples were stored in a controlled atmosphere
nvironment (2% O2 and 3% CO2 at 0 ◦C) for about 5 months
rior to testing. Experiments were performed after these apples
ere removed from storage and had been kept at room temper-

ture (∼24 ◦C) for at least 15 h. The test apples had the mean
in Agriculture 68 (2009) 44–51 45

Magness–Taylor firmness value of 56.7 N and the standard devia-
tion of 12.1 N; their mean and standard deviation for soluble solids
content were 10.7% and 1.4%, respectively. Because of large property
variation in the ‘Golden Delicious’ apples, a typical range of optical
property values would be also expected.

2.2. Hyperspectral image acquisition

A hyperspectral imaging system (Fig. 1) developed in the
U.S. Department of Agriculture Agricultural Research Service
(USDA/ARS) postharvest engineering laboratory at Michigan State
University in East Lansing, Michigan was used for acquiring spa-
tially resolved scattering images from apple samples. The imaging
system mainly consisted of a light source unit, a hyperspectral
imaging unit, and a sample handling unit. A detailed description
of the hyperspectral imaging system and the procedures for acquir-
ing spatially resolved spectral scattering images from intact fruit is
given in Qin and Lu (2008). The hyperspectral imaging system was
calibrated both spectrally and geometrically by following the proce-
dure described in Lu and Chen (1998). In addition, a third calibration
procedure called instrument response calibration was performed to
correct nonuniform instrument responses of the imaging system by
following the procedure described in Qin and Lu (2007).

Spatially resolved scattering images were acquired from each
apple using the hyperspectral imaging system. The hyperspectral
imaging system line scanned the sample 1.6 mm off the incident
point to avoid signal saturation but without losing essential scat-
tering information. It collected spatially resolved scattering images
from each sample for every 1 mm horizontal displacement over a
range of 9 mm (10 scans, see Fig. 1), as the sample was moving at
a constant velocity (∼0.6 mm/s) during the image acquisition. Indi-
vidual scattering images from the sample were averaged to improve
the signal to noise ratios and enhance the signal repeatability, and
only average images were used for further analysis.

2.3. Radiation transfer model for light transport in turbid media

Light interaction with plant tissue, such as fruits and vegeta-
bles, is a complicated phenomenon. The radiation transport (RT)
equation (also known as the Boltzmann equation) provides a fun-
damental description for the flow of energy or photons in a system.
It has been successfully applied in various turbid media, such as
oceans, atmosphere, interstellar materials, as well as human tis-
sues. The RT equation can be deduced by considering the energy
balance in a small volume of the turbid media (Ishimaru, 1978),
and the time-dependent transport equation is given by

1
c

∂I(�r, �̋ , t)
∂t

= − �̋ · ∇I(�r, �̋ , t) − (�a + �s)I(�r, �̋ , t)

+�s

∫
4�

p( �̋ ′, �̋ )I(�r, �̋ ′, t)d˝′ + Q (�r, �̋ , t) (1)

where I(�r, �̋ , t) is the energy radiance, which represents the
amount of energy flowing in the unit time within a unit solid angle
in direction �̋ through an unit area at �r, �a and �s are the absorp-
tion and scattering coefficients [�s = �′

s/(1 − g)] when scattering
is dominant, and g is the anisotropy factor of the medium], p( �̋ ′, �̋ )
is the phase function, which equals the probability distribution of
the scattering angle from �̋ to �̋ ′, c = c0/n is the velocity of light in
the medium, where c0 is the velocity of light in vacuum and n is the

refractive index of the medium, and Q (�r, �̋ , t) describes a possible
source within the medium. The first term on the right-hand side of
Eq. (1) represents the net gain of photons at position �r and direction
�̋ due to the flow of photons. The second term represents the loss
of photons at �r and �̋ as a result of absorption and scattering. The
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Fig. 1. Hyperspectral imaging system for acquiring s

hird term represents the gain of photons at �r and �̋ due to scatter-
ng. Finally, the fourth term represents the gain of photons due to
he potential source.

Although the radiation transport equation forms the basis for
he general treatment of light propagation in absorbing/scattering

edia, it is difficult to obtain direct analytical solutions to Eq.
1) for many practical problems. Most of the complications arise
rom dealing with the tissue boundaries and geometric aspects
or samples and light sources. Thus Eq. (1) can only be solved in
pecial cases. For example, when a steady-state (or continuous-
ave) light beam is incident perpendicularly upon a semi-infinite
omogeneous medium, light transport in the medium may be
pproximated to be a diffusion process. Farrell et al. (1992) obtained
n analytical equation for predicting a spatially resolved scatter-
ng profile at the surface of the semi-infinite medium, which is
ependent upon distance and absorption and reduced scattering
oefficients.
.4. Determination of the optical properties

The optical properties (�a and �′
s) of ‘Golden Delicious’ apples

ere determined from the spatially resolved hyperspectral images

Fig. 2. Data analysis procedures for determining optical proper
ly resolved scattering images from an apple sample.

using the steady-state diffusion theory model (Farrell et al., 1992).
The data analysis procedures are illustrated in Fig. 2. The original
hyperspectral images were first corrected for nonuniform instru-
mental response. Image preprocessing, including image smoothing,
was then performed to improve the signal-to-noise ratio of the
corrected images. Spatially resolved diffuse reflectance profiles
were extracted from the enhanced images over the wavelengths
of 500–1000 nm, followed by the procedure of fruit size correc-
tions for the spatial profiles due to the light intensity distortion
caused by the curved fruit surface (Qin and Lu, 2008). The cor-
rected spatial profiles were then normalized with respect to the
peak value. Finally, the diffusion theory model was used to fit
the normalized profiles using a trust-region (i.e., selecting specific
ranges for unknown fitting variables) nonlinear least squares fitting
algorithm to obtain the absorption and scattering spectra of the
samples for the spectral region of 500–1000 nm. The procedures
described above were implemented in Matlab 7.0 (MathWorks,

Natick, MA, USA). The algorithm was validated by testing liquid
simulation samples with different absorption backgrounds, which
showed accuracies of 16% and 11% for �a and �′

s, respectively
(Qin and Lu, 2007). A detailed description of the data analysis
methods for determining the optical properties from the hyper-

ties of apples based on hyperspectral imaging technique.
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Table 1
Input parameters for Monte Carlo simulation of light transport in fruit
tissue.

Parameter Value

Number of photons 3,000,000
Spatial resolution of radial distance (dr) 0.1 mm
Spatial resolution of tissue depth (dz) 0.1 mm
Number of grids for radial distance r 400
Number of grids for tissue depth z 400
Refractive index for medium above (air) 1.00
Refractive index for apple fruit tissue 1.35
ig. 3. Monte Carlo simulation for diffuse reflectance and internal photon absorption
or an apple fruit.

pectral scattering images can be found in Qin and Lu (2007,
008).

.5. Monte Carlo simulation and experimental verification

Since the spatial distribution of photons inside the fruit tissue is
argely confined to a small portion of the apple fruit, it was therefore
easonable to consider the fruit to be a semi-infinite turbid medium
n Monte Carlo simulations. It was further assumed that apple fruit

ere homogeneous, although the optical properties of fruit skin
re quite different from those of fruit flesh. This assumption seems
ustifiable given the fact that the pathlength of most photons scat-
ering in the fruit tissue would be much greater than the thickness
f apple skin (about 0.5 mm for ‘Golden Delicious’ apples).

Monte Carlo simulation for light diffuse reflectance and inter-
al photon absorption in fruit tissue is illustrated in Fig. 3. After a
hoton packet was launched, specular reflectance from the tissue
urface was immediately calculated using Fresnel equations (Bass
t al., 1995), and the remaining photons were then transmitted into
he fruit tissue. Some photons would exit the tissue surface and
heir weights were consequently scored into the diffuse reflectance
rray R(r). On the other hand, the absorbed photon weights inside
he fruit tissue were scored into the 2D absorption array A(r, z), and
he values in A(r, z) gave the probability of photon absorption by
he fruit tissue. Detailed procedures on how the weights of scat-
ered and absorbed photons were scored into R(r) and A(r, z) arrays
an be found in Wang et al. (1995). The simulation results obtained
y the methods described above are based on the assumption that
he light source is an infinitely narrow photon beam. To improve
imulation accuracies, the light source profile of the imaging sys-
em was convolved with the original simulation results to yield the
esponses to the photon beam with a radius of 0.5 mm, the same as
he size of the light beam used in the hyperspectral imaging sys-
em. The light intensity of the beam used in the imaging system
as measured by a digital illumination meter (DX-200, INS Enter-
rise, Taipei, Taiwan), and the total power of the light beam was
alculated using its lx value and the beam radius.

Absorption and reduced scattering coefficients are the most
mportant input parameters for the Monte Carlo simulation model,
nd their values determine the major features of the simulation
esults. Four pairs of �a and �′

s values, representing the minimum
nd maximum for the 600 apple fruit, were used as the input param-
ters to generate the typical results for spatially resolved diffuse

eflectance that would cover all the apple samples. Since the simu-
ation results directly depend on the values of �a and �′

s but not on
avelength (Wang et al., 1995), it was not necessary to use the com-
inations of �a and �′

s from the same wavelength. The actual values
f �a and �′

s used for the simulations are presented in Section 3.
Intensity of the light beam 44.3 lx
Radius of the light beam 0.5 mm
Total power of the light beam 0.174 mW

Other subordinate parameters for the MC simulation model are
summarized in Table 1. The number of photons used in the MC
model was determined from preliminary tests using different num-
ber of photons to minimize the noise level for the simulated results.
Three million photons were found to be enough to generate consis-
tent results, and more photons did not improve the quality of the
simulation results. The refractive indices for the medium above the
sample (i.e., air) and the fruit tissue were assumed to be 1.00 and
1.35 (Mourant et al., 1997), respectively. Given the parameters in
Table 1, the Monte Carlo model could generate simulation results for
diffuse reflectance and internal photon absorption covering 40 mm
of radial distance (r) and depth (z) with a spatial resolution of
0.1 mm. The publicly available codes for Monte Carlo simulation
known as ‘MCML’ and ‘CONV’ developed by Wang et al. (1995, 1997)
were used for the simulation of light transport in apple fruit and the
convolution for the finite-size light beam, respectively. The simula-
tion programs were validated by comparing the simulated diffuse
reflectance [R(r)] with the diffusion theory model as well as experi-
mental profiles extracted from the hyperspectral image of a selected
‘Golden Delicious’ apple. The optical properties with high and low
levels of the absorption coefficient for the selected apple were used
as input parameters for the MC simulations and the diffusion model.

2.6. Estimation of light penetration depth in apples

Knowledge of light penetration depths is valuable because it
could help us in designing an appropriate sensing configuration
to collect optical information from the interior tissue of a food
sample. Different methods of defining or measuring light penetra-
tion depths have been reported in literature. Based on the diffusion
theory, light penetration depth (ı) may be defined as the traveled
distance by which the light intensity level is reduced by a factor
of 1/e (∼37%), and it is computed as the reciprocal of the effective
attenuation coefficient (�eff) (Wilson and Jacques, 1990):

ı = 1
�eff

= 1√
3�a (�a + �′

s)
(2)

Light intensity in the turbid media follows an exponential
decrease with �eff as the decay constant (Fig. 4). Lammertyn et
al. (2000) defined the light penetration depth as the fruit slice
thickness at which diffuse reflectance spectra were significantly dif-
ferent from those of a slice of infinite thickness. Fraser et al. (2001)
suggested the 1% light penetration depth, which is defined as the
distance where the light intensity is reduced to 1%. The 1% light pen-
etration depth can be calculated as ı ln(1/1%) ≈ 4.6ı, as shown in
Fig. 4. In this study, we report on values of the 1% light penetration

depth for the apple samples. Both absorption and scattering prop-
erties (�a and �′

s) of apples are wavelength-dependent, therefore,
light penetration depth is also dependent on wavelength.

Mean spectra of �a and �′
s for all 600 ‘Golden Delicious’ apples

were used to calculate the mean penetration depth in apples using
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nonuniform instrument response and fruit size (Qin and Lu, 2008).
Monte Carlo simulation results perfectly matched the diffusion the-
ory model in the source-detector separations from 1.6 to 20.0 mm.
The simulation results also agreed well with the experimental pro-
files at 670 and 800 nm, although the discrepancies beyond 10 mm
ig. 4. Relationship between light attenuation in turbid media and light penetration
epth. Light intensity follows an exponential decrease, and ı is the penetration depth
y which light intensity level is reduced by a factor of 1/e.

q. (2). To further evaluate the range of light penetration depth in
he apples within the visible and short-wave near-infrared region,
he �a and �′

s data of one standard deviation from their mean values
s well as the minimum and maximum �a and �′

s spectra were also
sed to calculate the penetration depth. Assuming both �a and �′

s
f the apples are normally distributed, one standard deviation from
ean thus accounts for 68% of the entire data set. Consequently, the

alculated penetration depth would cover approximately 68% of the
pple data. The penetration depth calculated using minimum and
aximum �a and �′

s data represented the upper and lower limits
or all ‘Golden Delicious’ apples.

. Results and discussion

.1. Optical properties of ‘Golden Delicious’ apples

Typical absorption and reduced scattering spectra, including
ean, one standard deviation from mean, minimum, and maxi-
um, for the 600 ‘Golden Delicious’ apples over the spectral region

f 500–1000 nm are presented in Fig. 5(a) and (b), respectively.
he �a spectra of apples were peaked at 670 and 970 nm within
he visible and short-wavelength near-infrared region, which were
ttributed to absorption by chlorophyll and water in the fruit tissue,
espectively. For wavelengths from 730 to 900 nm, the absorption
alues were relatively small and stable. For the spectral range less
han 550 nm, absorption due to carotenoid in the fruit tissue, which
as an absorption peak at 480 nm (Merzlyak et al., 2003), became
ore evident. The minimum value of �a for all apple samples
as 0.04 cm−1, which appeared around 800 nm in the relatively
at absorption range of 730–900 nm. The maximum absorption
�a = 2.52 cm−1) occurred at 500 nm, which corresponded to the
bsorption shoulder of the carotenoid.

Unlike the prominent ‘fingerprints’ appearing in the absorption
pectra, the scattering spectra did not show particular spectral fea-
ures. Most of the test ‘Golden Delicious’ apples showed a trend
f steadily decreasing �′

s values with the increase of wavelength,
hereas the rest of the samples either exhibited a trend of increas-

ng �′
s values with the wavelength or remained nearly constant over

′
he entire wavelength range. The �s values for all the test samples
ere in a range from 1.02 to 12.61 cm−1. The �′

s values for approx-
mately 68% of the apples (i.e., one standard deviation from the

ean) ranged between 2.84 and 8.89 cm−1. Overall the values of
′
s were much greater than the �a values for the test samples, indi-
Fig. 5. Optical properties of 600 ‘Golden Delicious’ apples: (a) absorption and (b)
reduced scattering spectra.

cating the dominant effect of scattering in apples over the visible
and short-wave near-infrared region.

3.2. Validation of Monte Carlo simulation

The optical properties of the selected apple at 670 and 800 nm,
which represented the high and low levels of light absorption,
respectively (see Fig. 5), were used in the MC simulations and the
diffusion model for validating the simulation results. Fig. 6 shows
experimental data and the validation results from Monte Carlo sim-
ulations and diffusion theory model. The spatial profiles from the
simulation and the diffusion model as well as the experiment were
not on the same scale. For the convenience of direct comparisons,
all profiles were normalized at the initial point of the experimen-
tal data (1.6 mm to the source). The spatial profiles extracted from
the hyperspectral image of the selected ‘Golden Delicious’ apple
had been already calibrated for taking into account the effect of
Fig. 6. Validation of Monte Carlo simulations for diffuse reflectance at 670 and
800 nm.
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Table 2
Percent of incident photons partitioned into diffuse reflectance and internal absorp-
tion calculated by Monte Carlo simulations with the combinations of �a and �′

s
values for ‘Golden Delicious’ apples.

Combination �a (cm−1) �′
s (cm−1) Reflectance (%) Absorption (%)

� ′
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a max and �s max 2.52 12.61 17.4 80.4
a max and �′

s min
2.52 1.02 1.4 96.4

a min and �′
s max 0.04 12.61 75.9 21.9

a min and �′
s min

0.04 1.02 42.8 55.0

ecame larger than those at the near scattering distances. The val-
dation results suggest that the Monte Carlo method can generate
eliable simulation results for both high and low light absorption
onditions.

.3. Diffuse reflectance and internal absorption

In the Monte Carlo simulation of light transport in a medium
ith large thickness, no transmission through the material would

e expected and all photon packets would eventually be separated
nto three components: specular reflectance, diffuse reflectance,
nd internal absorption. The refractive index of ‘Golden Delicious’
pples was assumed to be 1.35, thus the portion of specular
eflectance from the fruit surface was calculated to be 2.2% using
resnel equations. The remaining 97.8% of the photon weights
ere then transmitted into the fruit tissue, scoring into the diffuse

eflectance and the internal absorption components, respectively.
he fractions for diffuse reflectance and internal absorption for the
iven values of �a and �′

s are summarized in Table 2.
The maximum of 96.4% for internal absorption was observed

or the combination of �a max and �′
s min. The percent of internal

bsorption was reduced to 80.4% when �′
s increased from the min-

mum to the maximum (�a max and �′
s max) while �a remained

onstant at the maximum. For the minimum absorption cases
�a min and �′

s max, and �a min and �′
s min), 75.9% and 42.8% photons

xited from the sample surface as diffuse reflectance for maximum
nd minimum �′

s values, respectively. The allocations of incident
hotons to diffuse reflectance and internal absorption are related to
he ratio of �′

s to �a or the transport albedo defined as �′
s/(�a + �′

s).
relatively large �′

s value results in a large percent of diffuse
eflectance. The same is also true for the relation of �a with internal
bsorption.

.4. Simulation results for diffuse reflectance

Monte Carlo simulation results for the spatially resolved diffuse
eflectance using four combinations of �a and �′

s values includ-
ng the minima and maxima are shown in Fig. 7. Patterns of the
iffuse reflectance profiles are clearly determined by the values of
a and �′

s. For the minimum absorption cases (�a min and �′
s max,

nd �a min and �′
s min), the attenuation rates of the spatial profiles

ere relatively flat towards the longer radial distances. The shapes
f the two profiles were different due to the different values of �′

s,
nd the combination of �a min and �′

s min generated the minimum
ttenuation rate for the spatially resolved diffuse reflectance pro-
les. On the other hand, diffuse reflectance dropped dramatically

or the maximum absorption cases (�a max and �′
s max, and �a max

nd �′
s min), and the maximum attenuation rate occurred when both

a and �′
s were at their maximum values.

The spatial diffuse reflectance profiles presented in Fig. 7 were
he convolved results, and they were linked to light source intensity

hrough the convolution between the original simulation results
rom an infinitely narrow photon beam and the light source pro-
le of the hyperspectral imaging system. Therefore, they can be
sed to find the optimum sensing range for ‘Golden Delicious’
pples. The optimum imaging range of the CCD camera used in
Fig. 7. Monte Carlo simulation results for diffuse reflectance obtained using different
combinations of �a and �′

s values for ‘Golden Delicious’ apples. See Table 2 for actual
values of �a and �′

s.

the imaging system was between 10−3 and 102 lx. The efficiency of
the imaging spectrograph was greater than 50%, and the minimum
transmission of the zoom lens in the visible and short-wavelength
near-infrared region was approximately 50%. Before reaching the
CCD camera, the diffusely reflected light passed through the zoom
lens and the imaging spectrograph that had a combined trans-
mission of approximately 25%, thus the optimum imaging range
for diffuse reflectance from the fruit surface was estimated to be
between 4 × 10−3 and 4 × 102 lx, as illustrated in Fig. 7. Correspond-
ing to the upper and lower detection limits, the optimum sensing
range under the current imaging system setup for ‘Golden Delicious’
apples would be in the radial range from 1 to 11 mm, as illustrated
in Fig. 7. In this study, the spatial profiles covering 1.6–10 mm were
used in the curve fitting procedures for determining the optical
properties of the apples, which were within the optimum sens-
ing range determined from the Monte Carlo simulations. The above
discussion demonstrated that Monte Carlo simulations can aid in
selecting or adjusting the sensing ranges for a given imaging system
to achieve the optimal sensing configuration. Conversely, Monte
Carlo simulations can assist in selecting an appropriate imaging sys-
tem (i.e., light source, CCD camera and other optical components)
when the sensing range and/or mode has been determined.

3.5. Simulation results for internal photon absorption

Fig. 8(a)–(d) presents Monte Carlo simulation results for the
photon absorption power densities inside an apple using four com-
binations of �a and �′

s values listed in Table 2. The results are shown
as contour maps versus sample depth and radial distance, in which
the values (i.e., 0.1, 0.01, and 0.001) marked on the contours of
Fig. 8(a)–(d) represent the probability of the photon absorption by
fruit tissue or the distributions of the deposited light energy inside
the fruit tissue, expressed in the units of mW/cm3. Similar to the
diffuse reflectance profiles, the absorption density patterns in the
fruit tissue were also greatly shaped by the combinations of �a and
�′

s values. The patterns of absorption in the fruit tissue were influ-
enced by the value of �a, as shown in Fig. 8(a) and (c); fruit tissue
with a large �a absorbs light energy rapidly in a relatively short
depth and radial distance, and consequently it is more difficult for
light to propagate into the deeper and broader areas. Comparing
Fig. 8(a) and (b) shows that a larger �′

s value also prevents light
from penetrating the deeper area of the fruit tissue. Moreover, fruit

tissue with a larger �′

s value would broaden light in the radial (hor-
izontal) direction, whereas the tissue with a small �′

s value tended
to propagate forward (vertical) into the deeper area of the sample.
When �′

s was at minimum, strong forward propagations along the
direction of the incident light were observed (Fig. 8(b) and (d)). If
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F /cm3) inside a ‘Golden Delicious’ apple using different combinations of �a and �′
s values:
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. See Table 2 for actual values of �a and �′
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ig. 8. Monte Carlo simulation results for photon absorption power densities (in mW
a) �a max and �′

s max; (b) �a max and �′
s min

; (c) �a min and �′
s max; (d) �a min and �′

s mi

here is no scattering at all (e.g., pure water), light will go straight
ithout propagating into the lateral areas. Similar absorption pat-

ern changes were observed in Fig. 8(b) and (d) as well as in Fig. 8(c)
nd (d).

Fig. 9(a) and (b) shows the absorption power density profiles
ersus the sample depth at r = 0 and the radial distance at z = 0
see Fig. 3), respectively. The absorption power density in the fruit
issue generally decreased with the increase of depth and radial
istance. Sudden power density drops were observed around the
adial distance of 0.5 mm (Fig. 9(b)), indicating the dramatic inter-
al absorption changes along the radial direction near the incident
oint. For both sample depth and radial distance, fruit tissues with
a max and �′

s max, and �a min and �′
s min had the maximum and min-

mum attenuation rates of absorption density, respectively, and the
ther two tissues possessed some intermediate attenuation rates.
he patterns of the profiles plotted in Fig. 9(a) and (b) confirmed
he findings from Fig. 8(a)–(d) described above.

.6. Light penetration depth in apples

The calculated 1% light penetration depths in ‘Golden Delicious’
pples, which include mean, one standard deviation from mean,
nd the upper and lower limits, are shown in Fig. 10. A minimum
enetration depth of 0.43 cm was observed at the wavelength of
00 nm, which is the spectral position where both light absorption
nd scattering were strong (see Fig. 5). The penetration depths at
he absorption peaks of chlorophyll and water (i.e., 670 and 970 nm)
ppeared as local minima. The maximum penetration depth, which
as 8.67 cm, was located around 725 nm in the flat region of the

bsorption spectra (see Fig. 5). Over the spectral region from 500 to
000 nm, the mean light penetration depth varies between 1.26 and
.33 cm with an average value of 1.86 cm. The penetration depths
or one standard deviation from mean, which accounted for 68% of

ll 600 ‘Golden Delicious’ apples, were in the range of 0.81–4.48 cm.

Light penetration depth is directly related to light attenuation
n the fruit tissue, which involves both absorption and scatter-
ng. Pigments and water are strong absorbing constituents in the
ruit tissue, and they determine the major spectral features of light

Fig. 9. Monte Carlo simulation results for internal photon absorption power densi-
ties versus (a) depth and (b) radial distance. See Table 2 for actual values of �a and
�′

s.
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finite diameter photon beam incident on multi-layered tissues. Comput. Meth-
ods Programs Biol. 54, 141–150.
Fig. 10. Light penetration depth in ‘Golden Delicious’ apples.

enetration in apples, although scattering properties are also indis-
ensable for determining the absolute values of penetration depth.
he overall patterns of light penetration depth in ‘Golden Delicious’
pples obtained in this study are consistent with those for ‘Jonagold’
pples measured using an experimental method via an optical fiber
robe (Lammertyn et al., 2000). The penetration depth in ‘Golden
elicious’ apples calculated from Eq. (2) was larger than that in

Jonagold’ apples (0.2–0.4 cm). Fraser et al. (2001) reported penetra-
ion depths (e.g., 3.5 cm at 713 nm) that are comparable with those
btained in this study. Different results should have been expected
ince the definition of light penetration depth, instrument perfor-
ance/setup, and fruit variety and condition were different in the

urrent and other studies.

. Summary and conclusions

The absorption and reduced scattering coefficients of ‘Golden
elicious’ apples were determined over the spectral range of
00–1000 nm using a spatially resolved hyperspectral diffuse
eflectance imaging technique, and they were used as input param-
ters for Monte Carlo models to simulate light transport features in
pple fruit. Monte Carlo simulation models were validated by dif-
usion theory model and experimental data. The major features of
ight transport in apples were determined using Monte Carlo simu-
ations. The patterns of diffuse reflectance, internal absorption, and
ight penetration depth were all shaped by the combination of �a

nd �′
s values. Fruit tissue with a larger �a value absorbed light

nergy rapidly in a relatively short depth and radial distance, and
ight in the tissue with a small �′

s value tended to propagate for-
ard to the deeper area of the sample. Light penetration depth in

Golden Delicious’ apples ranged from 0.43 to 8.67 cm for the wave-
ength range of 500–1000 nm, and strong absorbing constituents
n fruit tissue (i.e., pigments and water) determined major spectral

eatures of the penetration depth. The simulated diffuse reflectance
rofiles can be used to find the optimum sensing range for apple
amples, and they are also useful for determining or adjusting oper-
tion ranges for individual imaging system components such as
ight source and camera to achieve the best sensing conditions.
in Agriculture 68 (2009) 44–51 51
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